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detergents to the fractionated cells. This helps to stabilize the eel] 
^^talytic activity. Other suitable inhibitory ligands 
can be determined by comparison to . alpha , -naphthoflavone and 
screened for stabilization activity by the methods set forth in the 
•Examples. Thus, analogs of . alpha . -naphthoflavone are included 
nLn^.^''''^''^^''''' ^^^"^ protein is a human cytochrome 

Itl helpful to add the final step of preincubating 

the purified protein with glutathione, in order to help stabilize 
catalytic activity. ^ a^-Lxx^e 
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DETD The role of different cytochrome P450 enzymes on the 

metabolism of 3-methylindole (3MI) was investigated using selective 
chemical inhibitors. Eight chemical inhibitors of P450 enzymes were 
screened for their inhibitory specificity towards 3MI metabolism in 
porcine microsomes: alpha-naphthof lavone (CYP1A2) 

frvP^I^^r^'^''^^^^ (CYP2A6), menthofuran (CYP2A6) / sulphaphenazole 
(CYP2C9), qumidme (CYP2D6) , 4 -methylpyrazole (CYP2E1) 
?hfnrH'''?'^''^''^^"'f ^ {CYP2E1, CYP2A6), and troleandom^cin {CYP3A4). 
The production of the different 3MI metabolites was only affected by the 
presence of inhibitors of CYP2E1 and CYP2A6 in the microsomal 
incubations^ In a second experiment, a set of porcine microsomes (n=30) 

their'v'hvf "i ^"^^^^^ ^1^^ ^-^ly-i- and also for 

their 7-hydroxylation activity (CYP2A6 activity) . Protein content and 
enzymatic activity were found to be correlated with SM^Lt content The 
results of the present study indicate that measurement of CYP2A6 levels 
and/or activity is a useful marker for 3MI-induced boar taint 
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What is claimed is: 

napShofJav^ne^' ^'''"^ ^'^^^^^ ^^^^^ -"POund i 



ACCESSION NUMBER: 
TITLE: 

INVENTOR (S) : 
PATENT ASSIGNEE (S) 



PATENT INFORMATION: 
I 

APPLICATION INFO. : 
DOCUMENT TYPE: 
FILE SEGMENT: 
PRIMARY EXAMINER: 
ASSISTANT EXAMINER: 
LEGAL REPRESENTATIVE; 



s .alpha. 



94 : 68773 USPATFULL 

Use^of flavonoids to treat multidrug resistant cancer 

q^S^'^^VJ^f""' ''^"^ United States 

Tlnl^K ff^^^^^ ^i^dl^ Village, NY, United States 

Sloan-Kettering Institute for Cancer Research, New 

(U.S. corporation) 



York, NY, United States 



NUMBER 



KIND 



DATE 



US 5336685 

US 1993-46082 

Utility 

Granted 

Cintins, Marianne M. 

Jarvis, William R. A 
White, John p. 



19940809 
19930412 (8) 



LIO ANSWER 14 OF 16 USPATFULL 

CLM What is claimed is: 

1^ A method of prophylaxis or treatment of newborn jaundice comprisinq 
ther^i^nMn^ a subject in need of said prophylaxis or treatment a 

therapeutically effective amount of a compound which is not 
habit-forming and which does not cause drowsiness and which does not 
contain heavy metals or arsenic and which at a concentration of less 
than 50 mu.M doubles the quinone reductase specific activity of Hepa 
^IicSL^r^^;^'^ compound being selected from the group consisting of 

u^'^^^P^^^^' diphenols, quinones and compounds which are 
metabolized to these in Hepa lclc7 cells; isothiocyanates ; fumarates 
maleates; 1 , 2 -dithiole-3 - thione; beta-naphthof lavone ; methyl ' 
propiolate; and crotonaldehyde . 
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LIO T^SWER 11 OF 16 USPATFULL 
CLM What is claimed is: 

8^ The method of claim 1, wherein the protein is selected from the group 

n;n^^H^^'^ 'u' inhibitory ligand is .alpha - 

naphthoflavone (7 , 8-benzof lavone) . ^ ^ y^<^' 
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uch modes of administration include oral, rectal, 

topical, nasal, interdermal, or parenteral routes. The term 
iS?u^?nr^;'V'''^^''''^' subcutaneous, intravenous, intramuscular, or 
s^^f^^M^f r^'^T' '''' intramuscular routes are not particui;rly 
suitable for long-term therapy and prophylaxis. ^ 
What IS claimed is: 

8. The method of claim 6, wherein the cytochrome P-450 arachidonic acid 
epoxygenase mducer is selected from the group consisting ^^^^^ ^^^^ 
2,3,7, 8 - tetrachlorodibenzo-p-dioxin, . beta . -naphthof lavone 
and 3-methylcholanthrene. t.noi:±avone, 
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patient receiving taxane t^ea^men? inhibitor to a 

ketoconazole, amiodarone anastrozole . >^ inhibitors include 

cimetidine, clarithromvcin r^n^^ ' n ^^^thromycin, cannabinoids, 
delavirdin;, defame th^sone' die^^vTH'?.^' ^^^l^^P^^ine, danazol, 
dirithromycin, disuifSm entf ^ ^^u""^"^^"*^^^' ^iltiazem, 
estradoil!^ f l-o;:^oirt:ear nSSe't n^'^f^'^' ' -^^^--y-n, ethinyl 
grapefruit juice, indinavir U^n 5 ' fl"^°^amine, gestodene, 
mibefradil, 'niicoAazoinmoderater n'f ' '^/^^^^^^^^^ ' metronidazole, 
norfloxacin, norf lu^Ltinro^e^razSf ' (^eSr ' ^"'"'"'f' 
(weak), propoxyphene, quinidine auinini an paroxetine 
ranitidine, ritonavir, %;r;^avir seJti;dor'^^^ dalf opristin, 

troleandomycin, valproic Sid T^k) v^f ' ^roglitazone, 
zileuton. Suitable CYP2C8 i^h.' hT^ ' ■ f 5^"^^^ ' ^^fi^l^kast and 
foods, such as guercet n kae^pJe^ol ^^nd^n^/'^'^"' flavanoids found in 
carbamazepine, tolbutamide su^f^nhl' ? "^^ingenin; retinoic acid, 
quercetin being partx': ariy'^^eSred^The !?f^"^'^°-' ^tc, with 
inhibitors to be administered wTn^ I effective amount of the 
as particular inhibitors ^mpL^ed tlunt of t °' ^"^^ 

taxane administration (e.g ^ iSur T^our ItT^ ^'"f' "^^^ °^ 
route of taxane administration (e g' i v ' ^^^^ ^fusion, etc.), 
of ordinary skill could re;,rin w ' ' ' ^^^^ 

undue experimentation irgeieLl lor"' "".^"^^^ive amount without 
ketoconazole and 1-4 graL'S gSe^cetL ^ilf be IfT^'t °' "^^ of 

with paclitaxel therapy. The inhibitor^ Tr-t ^^^"^^tlve m conjunction 
in conjunction with taLne th^raov are administered to the patient 

prior to the taxane, forjxampJe in S .h ^ ""^^ administered 

taxane therapy. The inhLISrs maJ^h^ h — ^^^^^^ commencing 

taxane, and may even b^aSnLSed up'tr:bo:tl2r'"'"'""^ '^^^^ 
completion of taxane administr;,M ^ to about 72 hours after 
inhibitation is. The inhibito^f .^n'v, ^^^^'^'^^ ^o-^Plete the 

the patient at the same ime Jhe inhibito^/"''' -^ministered to 

suitable route, for examole orlv?./ ^ ""^^ administered by any 

DETD [0029] Pretreatment SK^toconaLiralonf elc . 
paclitaxel area under the c^rve "Sj) t o 1%T f '"""^^^^ 
with quercetin one hour prior to n^r Ht-=' i' ^^^^^^^ pretreatment 

combination of ketoconLo^^ I paclitaxel had no effect. The 
resulted xn a 14 6% incre" J in pSarL"'^" paclitaxel 
Because HPLC analysirorgue^JeSn Tn ? '"/^"'^^ exposure (p<0.05). 

levels were high start^igT^Hours a tira^'f^f f that guercetin 
were treated on schedules p ^nH f k ^"^^^ "lice 

paclitaxel had no effect on svstL ^^^^^^^^^ twelve hours prior to 

ketoconazole and ouerceM rP"^?^^ • However, the combi nation of 
The peak levels o£ qvierceti;^ Ssurfd^^f J^f "** IP<0.05). 

o«l supplementation were appr"i»"eli 15 f "«iving 

o°:rL?Sc"L f™°°neS:if ^L^sf"?""" P««e.t™ent with 

f"^^'Ss^-rp""i«t:lAil' r f -1- »3e . 

11. The method of claim l, wherein th^ fvoor-o ■ 

the group consisting of guercetin kaLn^ ? inhibitor is selected from 

17 The composition of claim 14, wherein t-hf> rvoor^Q ■ 
.ul.ap\ena.ole""°r4S^;,t^-™--:.lS:J^oSr;L^.... 
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™i„as 3-a^;ino-l-:eSyJ'L'S^;^' ::3'bU a^L"^?^!^^!,'""?^'^^"^ 
antimutagenicity was evaluated by IC50 value thofL • ! 

inhibition of the mutagenicity of 0 1 nmoJ S% .'^^'^ 

typhimurium TA98 strain in hv,l " * '^"'of Trp-P-2, with Salmonella 

fiavonols were ^wo orders stronaH"^''" °J '"^^^ ^^^^^"^^ 
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S^.-n-tL1^^^^^^^ or 

unaffected by the soly or?rp:p-2 L th^^^ ^"'^ ^^^^ 

ly. or irp P 2 m the assay soln. The inhibitory 
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9. The composition of claim 8, wherein said first precursor is a C.sub.3 to C . sub . 6 
vitamin or quercetin monosaccharide, and said second precursor is selected from the 
group consisting of ascorbic acid phosphates, retinol phosphates, tocopherol 

nicotinates, retinol palmitates, ascorbic acid palmitates, tocopherol acetates, 
retinol acetates, ascorbic acid acetates, retinol propionates, ascorbic acid 
propionates, quercetin pal nrii t ate,S-..-- qtie-r<:^^.tJ^ n acetates, quercetin propionates, 
quercetin ferulates, and^ixtures thereof -^^^ 



23. The composition of c 



-Wh: 



said skin active agent is selected from the 



group consisting of vitamin A, vitamin C, vitamin E, lactic acid, quercetin and 
retinol. 
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Dietary flavonols(Querce^ are ligands of the aryl 

lydrocarbon receptor that affecm^/Anranscnptlpn 
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Transcriptional activation* of the human CYPIAJ gene (coding 
for cytochrome P450 1 Al) is mediated by the aryl hydrocarbon 
receptor (AhR). In the present study we have examined the effect 
of the common dietary polyphenolic compounds quercetin and 
kaempferol on the transcription of CYPIAl andthe-function of 
the AhR in MCF-7 human breast cancer cells(Quercetin caused 
a time- and concentration-dependent inc^ease^1^tt^e'a^nount of 
CYPIAl mRNA and CYPlAl enzyme activity in MCF-7 cells. 
The increase in CYPlAl mRNA caused by quercetin was 
prevented by the transcription inhibitor actinomycin D, Quer- 
cetin also caused an increase in the transcription of a chlor- 
amphenicol reporter vector containing the CYPIAl promoter. 
Quercetin failed to induce CYPlAl enzyme activity in AhR- 
deficient MCF-7 cells. Gel retardation studies demonstrated that 
quercetin activated the ability of the AhR to bind to an 
dig -Tujcleotide containing " the xenobiotic-responsive element 
(XRE) of the CYPIAl promoter. These results indicate that 



quercetin 's effect is mediated by the AhR. Kaempferol did not 
affect CYPIAl expression by itself but it inhibited the tran- 
scription of CYPIAl induced by the prototypical AhR ligand 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), as measured by a 
decrease in TCDD-induced CYPlAl promoter-driven reporter 
vector activity, and CYPIAl mRNA in cells. Kaempferol also 
abolished TCDD-induced XRE binding in a gel-shift assay. Both 
compounds were able to compete with TCDD for binding to a 
cytosolic extract of MCF-7 cells. Known ligands of the AhR are, 
for the most part, man-made compounds such as halogenated 
and polycyclic aromatic hydrocarbons. These results demonstrate 
that the dietary flavonols quercetin and kaempferol are natural, 
dietary ligands of the AhR that exert different effects on CYPlAl 
transcription. 

Key words: chcmoprevention, flavonoid, MCF-7 cells, 2,3,7,8- 
tetrachlorodibenzo-p-dioxin, xenobiotic-responsive element. 



INTRODUCTION 

E-xposure to environmental contaminants such as polycyclic 
aromaiic hydrocarbons (PAHs) and their haiogcnated derivatives 
such as 2,3.7,8-tetrachIorodibenzo-/?-dioxin (TCDD) causes the 
induction of the CYPIA gene family, which encode cytochromes 
P4^, lAl and IA2 [1]. These enzymes catalyse the metabolic 
activation of PAHs, generating genotoxic metabolites that bind 
DNA [2] and thus mediate PAH-induced carcinogenesis. Trans- 
criptional activation of CYPlAl is regulated by the aryl hy- 
<lrocarbon receptor (AhR), a cytosolic protein that belongs to 
*e basic helix-loop-helix protein family. The AhR has been 
<^iected in several different tissues and cell types [3,4]; it is 
bought to mediate the broad spectrum of biological responses 
^at PAH or TCDD elicits, including tumorigenesis, terato- 
^«ne:;s, tumour promotion and thymic atrophy [5]. After the 
J^nding of PAH or TCDD, the AhR translocates to the nucleus, 
^^herc it heterodimerizes with a protein partner, the AhR nuclear 
'"f^nslocator, forming a transcription factor that binds the 
''nobiotic-responsive elements (XREs) present in the 5'-pro- 
^ler of CYPIAl, inducing transcription [6). Several non-PAH 
;fmpounds have also been shown to be inducers of CYPlAl 
^9] but the known ligands of the AhR are mainly man-made 
■•^rounds. Known natural ligands of the AhR include: 
;[3,2-6]carba2ole, an acid derivative of a compound found 
^sor.ie vegetables [10-12); curcumin, a polyphenolic compound 



found in the spice turmeric [13]; tryptophan metabolites (I4J; 
and bilirubin [15]. Other natural exogenous or endogenous 
ligands of the AhR have been postulated but not demonstrated. 

Flavonoids, a large group of polyphenolic derivatives of benzo- 
y-pyrone, are one of the most prevalent class of compounds in 
edible plants and thus in human diets [16]. Total dietary flavonoid 
intake has been estimated to be as high as 1 g/day [17] but recent 
studies have indicated that intake varies widely [18, 19]. The most 
abundant flavonoids are the fiavonols<^uercetm;|nd(^aemp^^ 
which exist as a variety of glycosides orilra^tycone form. Recent 
studies have shown that either form of these compounds is 
absorbed by the human gut [20]. The aglycone forms of quercetin 
and kaempferol are similar in structure, differing only by one 
hydroxy group in the B-ring (Figure 1). Quercetin has been 
extensively studied, particularly with regard to biochemical 
mechanisms that affect carcinogenesis. In animal models, it has 
chemopreventive activity against tumorigenesis induced by AhR 
ligands such as PAHs [21,22]. In cell culture models, it exerts a 
multiplicity of biochemical effects that are relevant to carcino- 
genesis, including metal chelation [23], antioxidant properties 
[24], the inhibition of hepatic enzymes, including CYPlAl, 
involved in carcinogen activation {25], and the induction of 
Phase II (conjugating) enzymes [26]. Despite this, there has been 
to our knowledge no study that has examined the effect of 
quercetin or kaempferol on the AhR and CYPlAl transcription. 
We have hypothesized that dietary polyphenolic compounds 



^- DMRA H "l^K^^^ "'^ ■ ^y^^oc^-'bon receptor: B[a]P. bcnzo[a]pyrene; CAT. chloramphenicol ac-yitransferase; CYPIAl. cytochrome P45n 

EMSA. eleclrophoretic rr.::o:,.;y-snil: assay; EROD. ethoxyresoruf:.- C-d.-ethylase: GPDH. glyceraldehyds- 
^'^S 2 3Tp?etac3^^^ ^^°"k^'" hydrocarbon; RT-PCR. reverse-transcriptase-mediated PCR; TBE. Vri!^orate/EDTA: 

. ^. <;,d.^^.H-ietrachlorodil>en20-p-dioxin; XRE. xenobiotic-responsive element. 
0 wi. : .-"-"spondence should be addressft-^ ;T-nriail hciolino@mail.ncifcrf.gov). 
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Figure 1 Structures ot quercetin, kaempferol and 



TCDD 



such as the flavonoids might be natural ligands of the AhR. Tlus 
is based on two sets of data: natural ligands of the AhR, 
indolo[3 2-^;lcarbazole and curcumin, are dietary poWphenohc 
compounds; and several synthetic derivatives of flavone, the 
parent structure of flavonoids, are known to interact with the 
AhR either as antagonists or as agonists [9,27,28]. To test this 
hypothesis we examined the effect of the most common and 
widely distributed flavonoids, quercetin and kaempferol, on 
CYPJAI transcription mediated by the AhR in MCF-7 human 
breast cancer cells. These cells were chosen as a model systein 
because the function of AhR in these cells has been well 
characterized [29-31]. We demonstrate that quercetin induces 
CYPlAl transcription by activating the AhR. Although 
kaempferol does not induce CYPJAI transcription it too 
interacts with the AhR, and can act as an antagomst of CYPlAi 
transcription induced by TCDD. 

MATERIALS AND METHODS 



Materials 

MCF-7 cells were from the American Type Culture Collection 
(RockviUe, MD, U.S.A.). RPMI 1640, glutamine, fetal bovine 
serum trypsin/EDTA, PBS and Tris/borate/EDTA (TBE) 
buffer were from BioFluids (Rockville, MD, U.S.A.). Quercetin 
and kaempferol were from Indofine (SomerviUe, NJ, U.S.A.). 
Actinomycin D, ben2o[fl]pyrenc (B[a]P), dimethylbenzM- 
anthracene (DMBA), EDTA, dithiothreitol. glycerol, Hepes, 
polydeoxyinosinic-deoxycytidylic acid, sodium molybdale, etho- 
xyresorufin, resorufin, Tris/HCi, salmon sperm DNA, DMSO 
and protease inhibitors were from Sigma (St. Louis, MO 
USA) ["PJdCTP and ["P]dATP were from DuPont NEN 
(Boston, MA, U.S.A.). [=^H]TCDD (specific radioactivity 



28 4Ci/mmol) was fiorn ChemSyn (Lenexa, ICS, US , . 
Rev--<=e-transcriptase-mediated PCR (RT~PCR) was performed 
with a kit from Stratagene (La JoUa, CA, U.S.A.). TBE gds. 
TBE running buffer and high-density sample buffer were from 
Novex (San Diego, CA, U.S.A.). Primers for glyceraldehyd 
phosph..ic dehydrogenase (GPDH) PCR and ^-galactosi: . 
containing reporter vector were from Cloniech (Palo Alto, CA. 
U.S.A.). Bradford protein assay kit was from Bio-Rad (Hercules. 
CA U S A.). Trizol reagent and LipofeclAminc were from 
Gibco BRL (Gaiihersburg, MD, U.S.A.). Chlora:i:phenicol 
acetyltransfcrasc (CAT) ELISA assay kit was from Boehringer 
Mannheim (Indianapolis, IN, U.S.A.). Polyclonal antibody 
against AhR was a gift from Dr. Alan Poland (Umversiiy of 
Wisconsin. Madison, WI, U.S.A.). 

Cell culture 

MCF-7 cells were grown in RPMI 1640 medium supplemented 
with 2mM glutamine and 10% (v/v) fetal bovine serum. Cell 
were subcultured weekly with 0.25 % trypsin/0.05 % EDTA. All 
experiments were performed on confluent cultures m growth 
medium, unless otherwise noted. 

RT-PCR 

Stock solutions of all chemicals (except where indicated) were 
-nade up in DMSO and stored at -20°C. Control cultures 
received an amoum of DMSO equal to tiie treated cultures (the 
final concentration of DMSO was 0.1 %). After incubation the 
cells were washed twice with PBS and total RNA was isolated 
with Trizol reagent as directed. Semi-quantitative RT-PCR for 
CYPlAl mRNA was performed in the presence of 1.5 //U ot 
r^PldATP with the primer sequences and conditions of :>^r cl 
al 1291 cDNA was synthesized from 10 //g of total RNA NMth the 
use of a RT-PCR kit as instructed. The optimum cycle number 
that fell within the exponential range of response for both 
CYPlAl (23 cycles) and GPDH (19 cycles) was used. After FCK. 
5 u\ of high-density sample buff-er was added to the samples and 
they were subjected to electrophoresis on a 10% (w/v) gel ir 
1 X TBE running bufl-er. The gel was dried and the results were 
detected and quantified on a Bio-Rad GS-363 Molecular [tr.agmg 
System (Hercules, CA, U.S.A.). Graphs of the resul-i-.v dat 
were generated by normalizing CYPlAi to GPDH. 

Transient Iransfections 

MCF-7 cells were plated at 60000 cells per well in 24-well plate. 
After 24 h the cells were transiently co-transfectcd ^'^^^ 'r^.^* 
of a CAT reporter vector containing the full-length rat c i r _ 
promoter [32] and 1.0 of a vector containing ^"g^l^^^^^;^^^ 
with the use of LipofectAmine as directed. The ^moun. . 
transcription was determined with an ELISA assay as a.reci ^ 
y9-Galactosidase activity was detcrmmed by the mew 
Rosenthal [33]. 

CYP1A1 activity in intact MCF-7 cells 

Ethoxyresorufm-O-de-ethylase (EROD) ^^^i^^jy' Jl^f. 
specific assay of the bioactivation capacity of ^Yt-J- ^ , 
determined in intact MCF-7 cells grow n m 24-we!i . ^ 
described by Kennedy and Jones [34], with 5 //M ethox. • , 
in growth medium as a substrate in the presence oi - 
salicylamide to inhibit conjugating enzymes. The as 7 ^ 
performed at 37 ^C. The fluorescence of resorufin S^"^^^ 
the conversion of ethoxyresorufin by CYPlAl was ^ 
every 10 min for 60 min in a CytoFlor II f " y s^ 

plate reader (PerSeptive Biosystcms, Framingham, MA. 
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^ih excitation at 530 nm and emission at 590 nm. A standard 
vvas generated with resorufin. 
The AhR-deficicnt MCF-7 cell line used to delennine EROD 



The / 

^^•it . in Figure 5(C) was derived from the parent MCF-7 cells 
^.|ori--Jerm culture (more than 6 months) in increasing concen- 
options of the aryl hydrocarbon B(<2)P. This resulted in the 
aeration of a B[a]P-resistant MCF-7 cell line that expresses 
^jy approx. 20% of the AhR of the wild-type cells, as measured 
^Ihe protein (Western blotting) and mRNA (RT-PCR) levels. 
fROD activity is not up-regulated in these cells in response to 
^st AhR ligands except high concentrations (10 nM) of the 
S'iaKXst potent ligand, TCDD. A paper describing these cells is 
flirrenily in preparation (H. P. Ciolino and G. C. Yeh, un- 
^biisiv^-d work). 



geclrophoretic mobility-shift assay (EMSA) 

Confluent cultures of MCF-7 cells were treated as described in 
ifae figure legends in growth medium for 3 h. Nuclear protein was 
isolated and EMSA was performed by the method of Denison et 
jj. [351. Synthetic oligonucleotides containing the AhR-binding 
gteof he XRE [36] were labelled with p=P]dCTP. The binding 
teactions were performed for 30 min at room temperature and 
contained 5 /ig of nuclear protein, 1 /^g of polydeoxyinosinic- 
Jcoxycytidylic acid, 500 ng of salmon sperm DNA and approx. 
.^000 c.p.m. of labelled probe in a final volume of 20 /i\ 
^- jf binding buffer [25 mM Tris/HCl (pH 7.9)/50 mM KCl/ 
imM MgCl,/1.5 mM EDTA/0.5 mM dithiothreitol/5 % (v/v) 
{(vcerolj. To determine the specificity of binding to the oligo- 
3ucleotide, a 50-fold excess of unlabelled specific probe, a SO-fold 
^ j acesi : f unlabelled non-specific probe of the transcription factor 
v; AP-2 or 0.864 fig of anti-AhR polyclonal antibody were incu- 
aated with the nuclear extract of quercetin (10 /*M)-treated cells 
%t «ice for 15 min. DNA-protein complexes were separated under 
- Jon-denaturing conditions on a 6% (w/v) polyacrylamide gel 
vilh 0.5 X TBE (45 mM Tris borate/45 mM boric acid/2 mM 
tOTA) as a running buffer. The gels were dried and the 
%y. 5NA-protein complexes were detected and quantified with a 
fo-Riid GS-363 Molecular Imaging System. 



ligand binding assay 

'•ICF-? cells were grown to confluence in 175 cm- flasks. The 
2Jls were washed once in PBS, harvested by treatment with 
^psin, and pelleted by centrifugation at 800^ for 10 min at 
''C. The pellet was washed once in cold PBS, repelleted as 
^ve and resuspcnded in cold buffer [25 mM Hepcs/I mM 
^Ta ImM dithiothreitol/20 mM sodium molybdate/10% 
'''v) glycerol (pH 7.4)J containing protease inhibitors (100 /tg/ml 
^*SF, 300 /ig/ml EDTA, 0.5 /*g/ml leupeptin, 0.5 /^g/ml apro- 
^'n and 0.7 /ig/m\ Pepstatin A). The cells were homogenized by 
^ sirokes with a Dounce glass homogenizer on ice and the 
"^ogenatc was cenitiruged at 100000 g for 60 min at 4 °C. The 
^rnatant (cytosol) was removed and protein contenr was 
'^rmined by the Bradford method [37]. The cytosol was used 
'Mediately or divided into aliquots, stored at —70 °C and used 
^hin 24 h. Specific binding to the AHR was measured by 
*fose density-gradient centrifugation as described by Raha et 
Cytosolic protein (1.0 mg) was incubated with 10 nM 
?1TCDD in the presence of DMSO (control). 10 //M unlabelled 
^I^D (positiv: co.ntrol) or 50 /iM quercetin or kaempferol in a 
volume of 500 fii of the above buffer for 2 h at 4 '^C. 
^ples were applied to 5-30% (w/v) linear sucrose density 
^^"'nts in 1 2 ml Beckman Quick-Seal rof '^r tubes. The gradients 



were centrifuged for 2 h at 63000 rev./min (372000 g) in a 
Beckman VTI-65-1 rotor; 25 fractions of seven drops each 
(approx. 500 /il) were collected from the bottom of the tubes and 
assayed for radioactivity with Aquasure scintillation fluid. 
Specific binding to the AhR was also measured by hydroxyapatite 
absorption chromatography by a modification of the method of 
Poellinger et al. [39] as described (13J. 



Statistical analysis 

Statistical analyses were performed with STATVIEW Statistical 
Analysis software (SAS Institute, San Francisco, CA, U.S.A.). 
Differences between group mean values were determined by a 
one-factor analysis of variance (ANOVA), followed by Fisher 
PSLD post-hoc analysis for pairwise comparison of means. 
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Figure 2 Concentration response of CYP1A1 mRNA to quercetin (A) and 
kaempferol (B) 

MCF-7 cells were treated with the indicated coricentration of quercetin (A) or kaempferol (B) 
for 24 h RT-PCR for CYPU^ and GPDH mRNA was pertormed as descril)ed in ths Materials 
and methods section and the :uiv'l5 detected and quantified by phosphorimagi:^ r-:- ;-5 
bar chart, the amount of CYP1A1 was normalized to the GPDH level. Hatched twrs, quercerin; 
open bars, kaempferol. Abbreviation: nd. not determined. The level of CYP1A1 mRNA in all 
quercetin -'rRated cells was significantly different from control cells {P < 0.05). 
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Figure 3 Time course of CYP1A1 mRNA Increase caused by quercetin 

MCF-7 cells were treated with 0.5 /iM quercetin (or the durations indicated. CYP1A1 and GPDH 
mRNA were determined by RT-PCR. For the graph, the amount ol CYP1A1 mRNA was 
normalized to GPDH levels. The level of CYP1A1 mRNA was significantly increased compared 
with controls atter 6. 12 and 24 h of incubation with quercetin (P < 0.05). 



RESULTS 

Effect of quercetin and kaempferol on the expression of CYP1A1 

MCF-7 cells were treated with quercetin or kaempferol for 24 h 
and the amount of CYPlAl mRNA was measured by semi- 
quantitative RT-PCR. Quercetin caused a concentration-de- 
pendent increase in the amount of CYPl Al mRNA (Figure 2A), 
whereas kaempferol had no effect on CYPIAl mRNA (Figure 
2B). Quercetin caused a rapid increase in CYPIAl transcript 
that reached a maximum after 12 h of treatment but was still 
significantly increased after 24 h (Figure 3). 

Pretreatment of the cells with the transcription inhibitor 
actinomycin D abolished the induction of CYPlAl mRNA 
caused by quercetin (Figure 4, upper panel). 

MCF-7 cells were transfected with a CAT reporter vector 
containing the full-length CYPlAl promoter. Treatment of 
transfected cells with 1 nM TCDD for 6 h resulted in an increase 
in CAT transcription of approx. 12-fold over the DMSO control 
(Figure 4, lower panel). CAT transcription was also increased by 
treatment with the AhR ligands B[fl]P, DMBA and 3-mcthyl- 
cholanthrene (results not shown). Quercetin, but not kaempferol, 
caused a concentration-dependent increase in CAT transcription. 
This increase reached the approximate level of induction seen in 
cells treated with 1 nM TCDD (approx. 12-fold over control 
levels) in ceils treated with 20 quercetin. 

The enzymic activity of CYPIAl in intact MCF-7 cells treated 
with quercetin or kaempferol was assayed by measuring EROD 
activity. Incubation of the cells with quercetin for 48 h caused a 
concentration-dependent increase in EROD activity over the 
range of concentrations tested, whereas kaempferol had no effect 
on EROD activity in the cells (Figure 5A). The quercetin- 
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Hgure 4 Effect of quercetin or kaempferol on CYPIAl transcrl 



upper panel: MCF-7 cells were treated for 1 h with ethano! (contiol) or actinomycin D 
{5 ;tg/ml) followed by DMSO (control) or 5 /^M quercetin for 6 h; the arnount CYPIAl anC 
GPDH mRNA was measured by RT-PCR as described. The level of CYPlAl mRNA in crils 
treated with quercetin in the presence of actinomycin D was not significantly diflerent frorT^ r« 
in control cells. Lower panef: MCF-7 cells were transfected with -the aryi hydrocarb^r 
responsive vector pMC6.3. which contains the CYPIAl promoter, and a vector containm; 
^-Gal. Transfected cells were treated with the Indicated concentrations of quercetin or 
kaempferol for 24 h The amount of CAT transcription was normalized to the amount of 
transcribed. Abbreviation: nd. not determined. CAT transcription in all quercetin-! '5.- samp*! 
was significantly increased over thai in controls {P < 0.05). 



induced increase in EROD activity was maximal at 48 h but stil 
significantly increased compared with controls after 72h oj 
incubation (Figure 5B). Wild-type and AhR-deficient ^^^'^ 
cells were incubated with TCDD, B[a]P or quercetin for 24 h ^ 
the EROD activity was measured after 24 h. Although : ^^J^ 
compounds induced EROD activity in varying amounis :n 
type cells, B[a]P and quercetin failed to induce EROD ^^^'^^*]Lp 
AhR-deficient cells, and a high concentration (10 nM) ^ 
induced only approx. 25 % of the activity in deficient ceo* 
compared with wild-type cells (Figure 5C). 



Effect of quercetin on AhR activation 



The effect of quercetin on the translocation of the : ^ 
nucleus and binding to the XRE of CYPlAl was mea<ureo ^ 
EMSA. Cells were treated with the indicated concentration 
quercetin for 3 h and their nuclear extracts were subject 
EMSA. Extracts from TCDD-treated cells were run as a po ^ 
control. Quercetin caused a concentration-dependent J"^'" ^ 
the DNA-binding capacity of nuclear AhR, as shown 
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5 Effect of quercetin or kaempferol on CYP1A1 activity 
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*t :y of CYP1A1 in intact MCF-7 cells was determined by EROD assay. (A) Cells were 
^ <vtm the indicated concentrations of quercetin (■) or kaempferol {^} tor 48 h. (B) Cells 
1^ Seated with 5 fiM quercetin for tfie times indicated. (C) Wild-type (WT) and AhR-deficient 
f1 MCF^j cells were IfKubaled with OMSO (conlrof). 10 nM TCDD. 1 /iM B[a]P or 5 
f^-^'in for 24 h. Each point or bar is ttie mean + S.E.M. for four determinations. EROD activity 
I*'' .. ; (A. 8) treated with quercetin was signtficanNy jnijiem irom that in controls 

concentrations and time points tested {P < 0.05). There was no significant difference 
v/^Q activity in AhR~ cells treated with B[a]? or quercetin compared with that in 
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Figure 6 Effect of quercetin on DNA*binding acthrity of nuclear AhR 

Cells were treated with OMSO (contfoi), 10 nM TCDD or the indicated concentrations or 
quercetin tor 3 h. Nuclear extracts were isolated, incubated with labelled XRE sequence and 
subjected to EMSA. Competition was performed with nuclear extract treated with 10/iM 
quercetin pretreated with an excess of untabelled XRE. an oiigonucleotide containing the AP- 
2 sequence, or a polyclonal anti AhR antitXKjy The bands were detected and the band 
intensities quanlifred by phosphorimaging. The average intensity of each band signal is shown 
at the top in arbitrary units. 



band intensity (arbitrary units) shown at the top of the gel 
(Figure 6). The specificity of this band shift was examined by 
pretreating nuclear extract from cells treated with 10 fiM quer- 
cetin with unlabelled XRE probe, or with a non-specific probe 
containing the binding site of the transcription factor AP-2. The 
band shift was abolished in the presence of excess unlabelled 
XRE but was diminished only slightly in the presence of AP-2 
probe. Nuclear extract from quercetin- treated cells was also 
incubated with a polyclonal antibody againsi the AhR, which 
decreased the band intensity by more than 50 %. Attempis to 
super-shift the band with this antibody were unsuccessful. 



Effect of quercetin and kaempferol on the binding of ligand to the 
AhR 

The abihty of quercetin and kaempferol to compete with the 
prototypical AhR ligand TCDD for binding to the AhR was 
measured. Cytosol isolated from MCF-7 cells was incubated 
with [^'HJTCDD in the presence of a 1000-fold excess of unlaljelled 
TCDD (positive control) or a 5000-fold excess of quercetin or 
kaempferol for 3 h. As shown in Figure 7, unlabelled TCDD 
inhibited pHJTCDD binding. Quercetin, and to a smaller extent 
kaempfer-. :, idso inhibited pH]TCDD binding (see Figure 9). 
These results were confirmed by using hydroxyapatite chromato- 
graphy to separate specific from non-specific pH]TCDD binding 
.Vesults not shown). 
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Effect of quercetin or kaempferol on the binding of pHJTCDO to 



Cytosol isolated Irom MCF-7 cells was incubated with 1 0 nM [^H]TCDO in the presence of 
OMSO (control), a 1000-fold excess of unlabelied TCDO or a 5000-fold excess of quercetin or 
icaempferol. Ligand-blndmg activity by the receptor was analysed by sedimentation through 
S-30% (w/v) sucrose density gradients; bound [^H]TCDD was measured by liquid-scintillation 
counting. The figure shows a representative experiment of three. 



Effect of kaempferol on the TCDD-induced expression of 
CYP1A1 

Although kaempferol did not induce the expression ofCYFIAJ, 
the results of the ligand binding assay (Figure 7) indicate that it 
might inhibit the binding of TCDD to the AhR. We therefore 
tested whether kaempferol could affect the expression of CYPlAl 
induced by TCDD. Treatment of cells with 1 nM TCDD for 6 h 
caused a 24-fold increase in CYPlAl transcript compared with 
that in DMSO-treated cells (Figure 8, top and middle panels). 
Treatment with TCDD and kaempferol together resulted in an 
inhibition of TCDD-induced CYPlAl mRNA in a concen- 
tration-dependent manner (Figure 8, top and middle panels). We 
also examined the effect of kaempferol on CyP7/4y-promoter- 
driven CAT transcription. Cells were transfected with the PAH- 
responsive CAT vector and treated for 6 h with TCDD and 
kaempferol together. Kaempferol inhibited the TCDD-induced 
increase in CAT transcription in a concentration-dependent 
manner (Figure S, lower panel). The increase in band shift of the 
XRE caused by TCDD was completely abolished in the presence 
of kaempferol (Figure 9). 

DISCUSSfON 

Known Hgands of the AhR are mainly man-made; natural 
ligands of the AhR have remained elusive. Two plant-derived 
dietary compounds, indolo[3,2]carba2ole and curcumin, have 
been shown to be AhR ligands [10-13] and it is therefore likely 
that the AhR and the pathway that it mediates evolved in 
response to dietary xenobiotics. If this is so, one would expect at 
least some of the thousands of chemicals naturally present in the 
diet to be AhR ligands too. In the present study we have 
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fngure 8 Effect of kaempferol on TCDD-induced CYP1A1 mRMA aa< 

transcription 

MCF-7 ceils were treated with DMSO (contfol) or 1 nM TCDO in the presence of tfte indicatft 
concentrations of kaempferof for 6 h. Top and middle panels: CYP1A1 and GPOK mRNA wef* 
measured by RT-PCR. Middle panel: the amount of CYPlAl mRNA was nofmz':".: ^ 
mRNA levels. The level of CYP1A1 mRNA was significantly decreased in all Scn:-:; trt*^ 
with kaempferol compared to that in cells treated with TCDD alone {P < D 05t 



panel: MCF-7 cells were transiently tfansJected and treated as described above. 



CAT 



transcription was normalized to ^-Gal transcription. CAT transcription was significa'^ 
decreased in all samples treated with kaempferol compared with that in samples i 
with TCDD alone (P< 0.05). 



examined the effects of the dietary compounds querce-tin anj 
kaempferol on AhR function. These members of the • 
class of flavonoids are far more widely distributed in the pw"" 
kingdom than the compounds mentioned above and are ihercf 
among the most abundant phytochemicals in human dicj 
Although it has been established that synthetic derivatives^ 
flavone, the parent structure of all flavonoids, might interact vn 
the AhR [9,27,28], the effect of naturally occurring flavono*a» 
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Celb were treated with DMSO (control). 10 nM TODD or TCDO and 10 kaempferoJ lor 3 t) 
«iclte- extracts were isolated, incubated with labelled XRE sequence and subjected to EMSA. 
sands ..sre detected t}y phosphorknaging. 



on the AhR is largely unexplored. Unfortunately, despite exten- 
sive interest in the effects of flavonoids on human health, little 
is known about the physiologically relevant concentrations of 
individual flavonoids attainable in human plasma and tissue, but 
recer t experiments have confirmed the al^rption of quercetin 
and .vaempferol in humans [19J. Moreover, the concentrations 
used in this study correspond to plasma levels found in rats fed 
*ith a flavonoid-enriched diet [40], 

We began by examining the effect of quercetin and kaempferol 
on the expression of CYPIAL Quercetin induced a concen- 
^aiion-dependent increase in the amount of CYPlAl mRNA 
present in MCF-7 cells (Figure 2A). The increase in CYPlAl 
■ tiRNA caused by quercetin was rapid but transient, reaching a 
'inart mum after 12 h and declining by 24 h (Figure 3). Pre- 
trcajment of the cells with the RNA polymerase inhibitor 
^tinomycin D completely blocked the increase in mRNA, 
'ndicating that RNA synthesis de novo resulting from the 
''Tanscriptional activation of CYPlAl is required for quercetin to 
-^ert its effect (Figure 4, upper panel). We examined the effect of 
quercetin or kaempferol on the trar.scnptional activation of a 
''^AT reporter vector controlled by the full-length CYPlAl 
promoter. In transient transfection experiments, this vector 
'CSp onded to the prototypical AhR ligand TCDD as well as to 
oihcr ligands (B[aJP, DMBA and 3-methylcholanthrene ; results 
'^ot shown) with an increase in CAT transcription. Quercetin 
'^used a concentration-dependent increase in CAT transcription 
'figure 4, lower panel), although it was much less potent an 
^ducer than TCDD. 

CYPlAl encodes the enzyme CYPlAl, the primary 
^^rcinogen-activating enzyme in MCF-7 cells under conditions 



of AhR activation [41]. The enzymic activity of CYPlAl was 
measured by EROD assay, the best measurement of its bio- 
activation capacity. MCF-7 cells also express CYPIBI in re- 
sponse to TCDD, but it has been reported that the CYPlBi 
enzyme possesses little [42J or no EROD activity [29 j. Treatment 
of MCF-7 cells with quercetin resulted in a concentration- and 
time-dependent increase in EROD activity in the intact cells 
(Figures 5A and 5B respectively). EROD activity reached a 
maximum 48 h after the addition of quercetin ; it began to decline 
after 72 h. As one would expect, the increase in EROD activity 
follows the increase in CYPl A I mRNA. Enzyme activity persists 
much longer than the increase in mRNA, probably reflecting the 
stability of the enzyme compared with the mRNA. The increases 
in CYPlAl mRNA, CYPlAl enzyme activity and CYPlAl 
promoter-driven transcription indicate that quercetin induces 
the expression of CYPlAl. As shown in Figures 2(B), 4 (lower 
panel) and 5(A), kaempferol, despite its structural similarity to 
quercetin. did not affect CYPlAl expression. 

Because CYPlAl transcription is regulated by the AhR, we 
investigated whether quercetin is a ligand of the receptor. Wc 
performed three types of experiment to determine whether 
quercetin is an AhR ligand. First, we examined the induction of 
EROD activity in AhR-deficient MCF-7 cells that we have 
developed and characterized (H. P. Ciolino and G. C. Yeh, un- 
published work). These cells express only approx. 20 % of the 
AhR compared with wild-type cells (results not shown). EROD 
activity in these cells increases only slightly in response to 
TCDD, the most potent ligand of the AhR, and not at all to 
other ligands such as B{a]P. As shown in Figure 5(C), quercetin 
failed to induce EROD activity in the AhR-deficient cells, 
indicating that the AhR is required for quercetin to exert its effect 
on CYPlAl expression. Secondly, we examined the ability of 
quercetin to transform the cytosolic receptor to its nuclear. 
DNA-binding, form. As shown in the EMSA in Figure 6, 
treatment of cells with quercetin resulted in a concentration- 
dependent increase in the amount of nuclear AhR DNA-binding 
capacity for an oligonucleotide containing the XRE of the 
CYPlAl promoter. That this band shift was specific for activated 
AhR is demonstrated by the specific competition of XRE binding 
of nuclear extracts of quercetin-treated cells with unJabelled 
XRE probe or anti-AhR antibody. The band also shifted to the 
same position as that caused by TCDD. Thirdly, we tested the 
ability of quercetin to compete with TCDD for AhR binding. At 
a 5000-fold excess, quercetin partly inhibited the binding of 
['HITCDD to the cytosolic AhR (Figure 7). Although the afliniiy 
of quercetin for the receptor is therefore low compared with that 
of TCDD, this result indicates that quercetin interacts directly 
with the AhR. Taken together, the.se results demonstrate that 
ii'^ crcetin is a ligand of the AhR. 

Interestingly, kaempferol also inhibited the binding of TCDD 
(Figure 7), indicating that it does interact with the AhR. We 
therefore hypothesized that because kaempferol interacts with 
the ligand-binding site of the AhR without itself up-regulating 
transcription, it would antagonize CYPlAl transcription induced 
by TCDD. Treatment of cells with kaempferol and TCDD 
together resulted in a concentration-dependent decrease in the 
TCDD-indiiced increase in both CYPlAl mRNA (Figure 8, top 
and middle panels) and CAT transcription (Figure 8, bottom 
panel). Furthermore, kaempferol completely abolishes the ac- 
tivation of the XRE-binding capacity of the AhR induced by 
TCDD, as shown in Figure 9. This indicates that kaempferol 
does in fact interact with the receptor, and therefore is a ligand 
cf the receptor because it functions 35: an AhR antagonist. It has 
been shown previously that compounds with weak to moderate 
binding affinity for the AhR might exhibit partial antagonistic 
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fnh K /■ iv°-.r^^°!f'*' "-naphthoflavone, a synthetic flavone 
. 'V^t'"""^ transcnpt,.u ,, less than 

10 /<M, but acts as an agonist at higher concentrations [431 
Sumlar r«ults were recently obtained with another synthetic 

„of?,c,^ ? concentraUons greater than 10 /.M were 

not tested. The mechanism by which kaempferol antagonizes the 
Ution* ^"^ ^go-^stic activity awaits further experimen- 

U is .nteresting that two compounds so s:m,lar in structure as 
quercetra and kaempferol have such different effects on AhR 
function. Both compounds fit the profile of AhR ligands they 
arepo ycychc^planar and hydrophobic. On the basis of computer 
r^^H 1°* agonists such as TCDD. Kleman et al 

[44] determined the molecular structure that allows these com- 
pounds to i.-.teract dghUy with the AhR. Ahll ligands were 
determmed to fit a hypothetical rectangle of 6.8 A x 1 3 7 A This 
result was confirmed by Lee et al. [45]. Despite the structural 
s^lanty of quercetm and kaempferol. it might be that the 
absence of the extra hydroxy group on the B ring (Figure O 
prevents kaempferol from achieving an optimal fit into this site 
preventing transcriptional activation, while blocking other 
h^ds such as TCDD from binding. Because the induction :f 
i-ir/Aj via the AhR is associated with mutagenic activity of 
rjany caranogens. kaempferol might therefore prove to be an 
eflective chemopreventive agent. In contrast, whether CrP141 
mduction IS hannful or helpful to the organism is a compie. 
quesuon that has not been resolved. One could argue that the 
mducuon of CYPJAJ by queicetin might increase r^te of 
detoxification of PAHs, because PAH metabolites are better 
substrates for Phase II enzymes. Therefore quereetin n^'^t ^ 

^^r7p]T,- 'TJ^'i: " ""'^ " •'o-O'dinate induction 
of both CrpiAI and the Phase II enzymes, several of which are 
known to be regulated by the AhR (46) 

*^ !'^'" 'l«°'on^'r«^ that quereetin and 

kaempferol are natural, dietary ligands of the AhR. In general 

encodes TCDD being one prominent exception. If this pathway 

hf-L^K J" u"^"'" ^""'^ Phytochemicals. one could 
h>TK)thes,ze that they would be catabolized by CYPlAl Because 
querceun. hke BMP or DMBA (results not shownt inS a 
tfansient increase in CYPIAl mRNA and EROD activity in 
' 'I undergoing catabolic breakdown. 

Whether this activity is due directly to the activity of CYPIAl is 
currently under investigation. 

^ cancer 
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